Membrane traffic, the transfer of material between membrane-bound compartments, is needed for such diverse cellular processes as secretion, endocytosis, and changes in cell shape that accompany cell growth, division, and migration (reviewed in references 84, 85, and 87) . It is mediated by transport vesicles that are formed by budding from a donor membrane. The process of budding is driven by the assembly of a proteinaceous coat. Once the vesicle is formed, the coat must dissociate to permit fusion with an acceptor membrane and the consequent delivery of the vesicle's contents. These steps are regulated in part by the Arf family of small GTP-binding proteins (reviewed in references 8, 23, 61, and 63) . Arfs are highly conserved and are found in eukaryotes ranging from yeast to humans. The mammalian Arf family is divided into several classes based largely on sequence similarity: class I (Arfs 1 through 3), class II (Arfs 4 and 5), class III (Arf6), and the more distantly related Arf-like (Arl) class. By linking GTP binding and hydrolysis to coat assembly and disassembly, Arfs regulate membrane trafficking at a number of sites. Arf1 has been implicated in endoplasmic reticulum-to-Golgi and intra-Golgi transport, endosome-to-endosome fusion, and synaptic vesicle formation (8, 23, 28, 61, 63, 66) . Arf6 has been implicated in regulation of membrane traffic between the plasma membrane and a specialized endocytic compartment, and its function has been linked to cytoskeletal reorganization (25, 26, 71, 73, 74) . The specific sites of action of the other Arf family members are not known.
The hydrolysis of GTP on Arf requires a GTPase-activating protein (GAP) (19, 61) . With multiple Arfs and multiple sites of action, the existence of several unique Arf GAPs had been anticipated. A number of activities have been purified or partially purified from mammalian sources, including rat liver (19, 57, 77) , rat spleen (21) , and bovine brain (79) , and two Arf GAP activities from rat liver have been resolved (77) . They have similar Arf specificities but differ in their lipid dependencies. One of the Arf GAPs (ArfGAP/ArfGAP1, hereafter referred to as ArfGAP1) which functions in the Golgi is activated by dioleoglycerols (3, 4, 19, 40) . ArfGAP1, in common with a yeast Arf GAP, GCS1 (72) , contains a zinc finger domain which is required for activity (19) . The second Arf GAP (Arf-GAP2) is specifically activated by phosphatidylinositol 4,5-bisphosphate (PIP 2 ) and phosphatidic acid (PA). Based on lipid requirements, ArfGAP2 was speculated to function at the plasma membrane and be regulated independently of Arf-GAP1 (77) . ArfGAP1 and ArfGAP2 were antigenically distinct and, therefore, likely to be distinct gene products; however, prior to this study, only ArfGAP1 had been cloned (19) .
Src, a cytoplasmic tyrosine kinase with N-terminal Src homology 3 (SH3) and SH2 domains, transduces signals important for cell growth and cytoskeletal organization (12, 68, 91) . A number of studies suggest that Src is also involved in regulating membrane traffic. Src associates primarily with endosomal membranes and in several cell types has been localized to specialized secretory vesicles, including synaptic vesicles (5, 20, 34, 46, 54, 69, 81) . Overexpression of Src accelerates endocytosis (95) . In addition, Src associates with or phosphorylates several proteins involved in membrane trafficking (5, 31, 43, 65) .
Here, we report the purification and cloning of a PIP 2 -dependent Arf GAP, ASAP1. ASAP1 contains a zinc finger domain similar to that required for GAP activity in ArfGAP1 and GCS1. ASAP1 also contains a number of domains that are likely to be involved in regulation and/or localization: a pleck-strin homology (PH) domain, three ankyrin (ANK) repeats, a proline-rich region with SH3 binding motifs, and an SH3 domain. In addition, ASAP1 was identified independently as a binding protein for Src and was found to be phosphorylated on tyrosine in cells that express activated Src. ASAP1 also associated with the adapter protein c-Crk in vitro. ASAP1 was localized to the cytoplasm and the cell edge likely associated with the plasma membrane. We propose that ASAP1, by binding both Src and PIP 2 , could coordinate membrane trafficking with cell growth or actin cytoskeleton remodeling.
MATERIALS AND METHODS
Purification of the PIP 2 -dependent Arf GAP. Arf1-GTP was used as a substrate to detect activity. Purification was performed at 4°C except where noted otherwise. Three bovine brains were homogenized in 4 volumes of 10 mM Tris (pH 8.0)-10% sucrose at 4°C, filtered through cheesecloth, and centrifuged at 20,000 ϫ g for 60 min. The supernatant was brought to 35% ammonium sulfate. The precipitate was collected by centrifugation (10,000 ϫ g for 10 min) and resuspended in 500 ml of 20 mM Tris (pH 8.0), 1 mM ␤-mercaptoethanol, and 10% (vol/vol) glycerol (buffer A) containing 25 mM NaCl, dialyzed two times against 10 liters of the same buffer, and clarified by centrifugation at 100,000 ϫ g for 60 min. The supernatant was loaded onto a 250-ml column of DEAESephacel. The column was developed with a 50 to 325 mM NaCl gradient in 1 liter of buffer A. Fractions containing PIP 2 -dependent GAP activity were pooled, and protein was adsorbed to a 40-ml column of hydroxylapatite (Bio-Rad) equilibrated in 10 mM KP i , 100 mM KCl, 1 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 20% glycerol. The column was developed in a 10 to 400 mM KP i (pH 7.0) gradient in a buffer containing 100 mM KCl, 1 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 20% glycerol over 200 ml. Fractions containing activity were diluted 1:2 with 10 mM KP i , 100 mM KCl, 1 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 20% glycerol and adsorbed to a hydroxylapatite column with a 4-ml bed volume. The column was developed by isocratic elution with 100 mM KP i , 2 mM KCl, 1 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 20% (vol/vol) glycerol. Fractions containing activity were pooled, adjusted to 3 M KCl, and adsorbed at room temperature to a 1-ml Phenyl-Sepharose HP column (Pharmacia, Uppsala, Sweden) equilibrated with 100 mM KP i , 3 M KCl, 1 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 20% (vol/vol) glycerol. The column was developed with a descending salt gradient. The remaining steps were performed at 4°C. The activity was then gel filtered on a 120-ml column of Sephacryl S-300 (Pharmacia) in 20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM MgCl 2 , and 1 mM ␤-mercaptoethanol followed by chromatography on a 1-ml Resource Q (Pharmacia) column with a 100 to 600 mM NaCl gradient in 20 mM Tris (pH 8.0), 1 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 20% (vol/vol) glycerol over 12 ml. The purification is summarized in Table 1 .
Trypsin digestion, HPLC separation, and microsequencing. Purified Arf GAP protein was fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by copper staining (Bio-Rad). The band of interest was subjected to in gel tryptic digestion as described by Hellman et al. (37) but without the addition of 0.02% Tween. The resulting peptide mixture was separated by microbore high-performance liquid chromatography (HPLC) with a Zorbax C18 1.0-by 150-mm reverse-phase column on a Hewlett-Packard 1090 HPLC/1040 diode array detector. Optimum fractions were chosen based on differential UV aborbance at 205, 277, and 292 nm, peak symmetry, and resolution and then further screened for length and homogeneity by matrix-assisted laser desorption time-of-flight mass spectrometry on a Lasermat 2000 (Finnigan, Hemel, England). Strategies for peak selection, reverse-phase separation, and Edman microsequencing have been previously described (52) . Tryptic peptides were subjected to automated Edman degradation on a 494A HT or 494A cLC protein sequencer (Applied Biosystems, Foster City, Calif.).
Identification of cDNAs for ASAP1. A partial murine ASAP1 cDNA clone (accession no. W89336) was identified by using the tryptic peptide sequences from purified PIP 2 -dependent Arf GAP to scan an expressed-sequence tag (EST) database. Anchored PCR was used to extend the clone to the 5Ј end of the open reading frame, using as templates mouse embryo and brain cDNA libraries (Marathon cDNA; Clontech) and using methods described in the manufacturer's manual. The full-length open reading frames and part of the 3Ј untranslated region were amplified from a mouse embryo and a brain cDNA library by PCR using one primer incorporating the initiating methionine (GAT GTG ACG GCT GAG ACA TGA GAT CTT CAG) and one of two antisense primers from the 3Ј untranslated region (CTA CCA TGA GTT CTT GGT CTG TAA CAG CAG  C and GCA ATC TTG TAA CTT CTG CTT TAA TGG CAA TC) . The DNA fragments obtained were ligated into pCR2.1 (Topo cloning kit; Invitrogen) by following the manufacturer's protocol. All but the 5Ј end of the open reading frame (codons 1 to 136) was cloned independently by screening a mouse mixedspermatocyte lambda cDNA library (a gift from E. M. Eddy) with a probe derived from a two-hybrid screen (see below). Two alternative splice forms were identified by both approaches. Both strands of the PCR-amplified cDNA and of the spermatocyte library clones were sequenced by dye terminator sequencing.
Recombinant Arf GAP. Amino acid residues 325 to 724 of an ASAP1 cDNA cloned from a mouse spermatocyte lambda library was amplified by using primers that incorporated a 5Ј NdeI site and a 3Ј XhoI site and ligated into the His-tag vector pET19 (Novagen). The resulting recombinant PZA protein was expressed in Escherichia coli BL21(DE3). A 250-ml culture was lysed in 10 ml of buffer A containing 25 mM NaCl and one tablet of Complete protease inhibitor cocktail (Boehringer Mannheim) by using a Piranha press (Tesla Inc., Paxton, Ill.). The lysate was clarified by centrifugation at 100,000 ϫ g for 60 min and fractionated on a HiLoad Q (5-ml bed volume) (Pharmacia) with a 50 to 600 mM NaCl gradient in 30 ml of buffer A. The protein was greater than 95% pure as estimated by fractionating a sample by SDS-PAGE and staining with Coomassie blue. The protein was adsorbed to Ni 2ϩ bound to a HiTrap chelating column (Pharmacia). The column was developed with a gradient of 5 to 500 mM imidazole (pH 7.0), in 20 mM Tris (pH 8.0), 500 mM NaCl, and 10% glycerol over 10 ml.
Arf GAP assays. Arf GAP activity was assayed as described previously (79) by using nonmyristoylated Arf1 as a substrate except when comparing Arf specificities, in which case all Arfs were myristoylated. Crude phosphoinositides (P-6023; Sigma) at a concentration of 1 mg/ml were the source of phosphoinositides except where otherwise indicated. The concentration of Arf-GTP was less than 20 nM. The rate of GTP hydrolysis by Arf1 induced by Arf GAP was linear to 200 nM Arf1-GTP, and none of the Arf proteins used in this paper competed with Arf1-GTP, consistent with the substrate concentration being nonsaturating and much less than the K m . This is in agreement with previous work (77) in which the K m for Arf1 using the native GAP as enzyme was determined to be 5 M. With Arf at concentrations much less than the K m , GTP hydrolysis occurred with a first-order rate. The rate constant is proportional to V max /K m . For single-point assays, time points and enzyme concentrations were chosen such that less than 80% of the GTP on Arf was hydrolyzed, and the first-order rate was calculated as k ϭ ln(Arf-GTP at time 0/Arf-GTP remaining)/time, as has been described previously (79) . Nonmyristoylated Arf1 and Arl2 and myristoylated Arf1 and Arf5 were prepared as described previously (77, 80) . Myristoylated Arf6 expressed in bacteria was purified from a particulate fraction of cells lysed with a Piranha press and centrifuged at 100,000 ϫ g for 60 min at 4°C. Arf6 was extracted into 20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM dithiothreitol (DTT), 10% glycerol, and 1% Triton X-100. The extract was clarified by centrifugation. The proteins were precipitated with 35% ammonium sulfate, dissolved in 20 mM Tris (pH 8.0), 25 mM NaCl, 10 M GDP, 1 mM DTT, 10% glycerol, and 1% Triton X-100. The solubilized proteins were fractionated on a 1-ml DEAESephacel column equilibrated with the same buffer. Arf6 that was greater than 90% pure eluted from the column in the equilibration buffer. To determine GAP activity in total cell homogenates, cells were lysed in 10 mM Tris (pH 7.2), 158 mM NaCl, 1% Triton X-100, 1% aprotonin, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 0.1% ␤-mercaptoethanol.
Mammalian expression. The ASAP1a and ASAP1b open reading frames were amplified using primers that placed a FLAG tag (MDYKDDDDK) in frame with the initiating methionine and ligated into pcDNA3 (Invitrogen). Alternatively, the ASAP1b coding sequence was cloned into pCS3ϩMT, which carries six copies of the Myc epitope in frame with the initiator methionine (92) . The P1, P2, and P3 mutations were introduced into CS3ϩMTϪASAP1b by Pfu sitedirected mutagenesis. Wild-type and activated mutant (Y527F) c-Src cloned into the retroviral vector pLXSH were gifts from C. Sachsenmaier. Transient transfections were performed by using the calcium phosphate method (293, HeLa, and NIH 3T3 cells) or Lipofectamine (COS cells) as described by the manufacturer (GIBCO BRL).
Production of anti-ASAP1 antibodies. The ASAP1a Src-interacting domain (SID) (amino acids 697 to 850) was cloned into pGEX-3X to create a glutathione S-transferase (GST)-ASAP1a-SID fusion protein, which was used to immunize a GAP was purified as described in Materials and Methods. S20 is the soluble fraction from the 20,000 ϫ g centrifugation of the crude brain homogenate. HAP1, hydroxylapatite column developed with a KP i gradient; HAP2, hydroxylapatite column developed with a KCl gradient. Activity was determined using 15 nM Arf1-GTP as substrate and 1 mg of crude phosphoinositide/ml as a source of phospholipid.
female New Zealand White rabbits. The resulting antiserum, called 3820J, was precleared with GST-glutathione-Sepharose (Pharmacia) and then affinity purified on cyanogen bromide-activated Sepharose (Sigma) that had been crosslinked to GST-ASAP1a-SID. Antisera 551 was from rabbits immunized with a recombinant protein containing the PH domain, zinc finger, and ANK repeats of ASAP1 conjugated to KLH. Two-hybrid screen. A mouse 9.5-day-old-embryo cDNA library was screened by using a LexA-TRP1/VP16-LEU2 two-hybrid system in the Saccharomyces cerevisiae L40 (MATa trp1 leu2 his3 LYS::lexA-HIS3 URA3::lexA-lacZ) (38, 94) . The two-hybrid bait plasmid LexA-c-Src-SH3 was created by inserting the chicken c-Src SH3 domain (residues 81 to 144) into the LexA vector BTM116. The bait plasmid was slightly transactivating. By including 3-aminotriazole or limiting amounts of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside in either the histidine prototrophy or ␤-galactosidase assays, background could be abolished without eliminating production of a clear, positive signal by LexA-c-Src-SH3 in combination with a VP16 fusion to residues 484 to 551 of 3BP1, a protein that binds directly to Src SH3 in vitro (15) . A total of 5 ϫ 10 7 yeast transformants were screened for growth on synthetic medium containing 1 to 6 mM 3-aminotriazole and lacking histidine, tryptophan, and leucine. Approximately 5 ϫ 10 3 transformants expressed the HIS3 reporter gene at levels at least as great as yeast carrying LexA-Src-SH3 and VP16-3BP1. Of these, 618 were screened for expression of the second reporter gene by a ␤-galactosidase filter assay, and 522 were positive. Selected clones expressing both reporter genes and not interacting with the unrelated, negative control bait plasmid LexA-lamin (7) were also tested against full-length wild-type or various mutant forms of c-Src (39) or with the n-Src variant SH3 domain. Seventeen percent of clones interacting with LexAc-Src-SH3 also interacted with LexA-c-Src (full length). LexA-n-Src and n-Src-SH3 plasmids were constructed by inserting either the entire coding sequence or amino acids 81 to 150 of chicken n-Src into BTM116. Approximately 70 clones were sequenced. Four nonidentical but overlapping clones containing ASAP1 sequence were identified.
In vitro binding. CS3ϩMTϪASAP1aϪSID or CS3ϩMTϪASAP1b DNA was added to a coupled in vitro transcription-translation system (TNT Kit; Promega) in the presence of [ 35 S]methionine to generate labeled SID or ASAP1b. GST-SH3 fusion proteins were expressed in E. coli and purified on glutathioneSepharose (Pharmacia). Approximately 2 g of GST fusion protein was mixed with the in vitro translation mix in 500 l of radioimmunoprecipitation assay (RIPA) buffer (158 mM NaCl, 5 mM EDTA, 10 mM Tris [pH 7.2], 0.1% SDS, 1% Na-deoxycholate, 1% Triton X-100, 1% aprotinin, 1 mM PMSF, 0.1% ␤-mercaptoethanol). Samples were incubated for 3 h at 4°C and washed three times in RIPA buffer. Proteins associating with the fusion protein-Sepharose pellet were examined by SDS-PAGE and detected by autoradiography. Binding was quantified with a PhosphorImager (Molecular Dynamics). GST-SH3 fusion plasmids for chicken c-Src, bovine p85 PI 3-kinase, human p120 RasGAP, and mouse Efs/Sin were constructed by inserting, respectively, sequences encoding amino acids 81 to 144, 6 to 83, 281 to 346, and 5 to 70 into pGEX1 (Pharmacia). Additional GST fusion plasmids were obtained for n-Src SH3, Fyn SH3, Lyn SH3, Csk SH3, Grb2-N and Grb2-C SH3, Abl SH3, and full-length c-Crk.
Immunoprecipitations, Western blotting, and kinase assays. Twenty-four hours following transfection, 293 cells were lysed in RIPA buffer containing 2 mM Na 3 VO 4 and centrifuged for 45 min at 15,000 ϫ g. The supernatants were incubated with primary antibodies, secondary antibodies (goat anti-mouse for monoclonal antibodies), and a 1:1 mix of Staphylococcus-Streptococcus cell fragments bearing proteins A and G (Pansorb and Omnisorb; CalBiochem-Novabiochem Corp., La Jolla, Calif.) for 2 h at 4°C. Immunoprecipitating antibodies used were 3060 rabbit antiserum raised to residues 519 to 533 of the c-Src C terminus (17) and 9E10, an anti-Myc-tag monoclonal antibody (27) . Negative control immunoprecipitations were done with either preimmune rabbit antiserum or mock antibody mixes containing all components except for primary antibody. Proteins were electrophoresed through SDS-acrylamide gels containing 10 to 15% polyacrylamide and transferred to nitrocellulose (Schleicher & Schuell, Keene, N.H.). For Western blotting, monoclonal primary antibodies 9E10, antiphosphotyrosine 4G10 (24), and 327 anti-Src (55) were detected with a secondary horseradish-peroxidase linked anti-mouse immunoglobulin F(abЈ) fragment (Amersham) and enhanced chemiluminescence (Renaissance reagents; NEN, Boston, Mass.). For in vitro tyrosine kinase assays, 1 U of recombinant c-Src (Upstate Biotechnology, Inc., Lake Placid, N.Y.) was incubated with 40 ng of ASAP1, purified from bovine brain, in 10 mM Tris (pH 7.4), 12.5 mM MgCl 2 , 8 mM MnCl 2 , 0.2 mM EGTA, 25 M Na 2 VO 4 , 0.2 mM DTT, 5 M [␥-
32 P]ATP, and 1 mg of crude phosphoinositides/ml for 20 min at 30°C. Reaction products were fractionated by SDS-PAGE on a 7.5% polyacrylamide gel. Radioisotope was detected with a PhosphorImager.
Immunofluorescence. HeLa cells were grown on glass coverslips in six-well dishes and transfected with an expression vector for FLAG-tagged ASAP1b or FLAG-tagged ASAP1a (in pcDNA3) (10 g/well) by using the calcium phosphate procedure. Cells were fixed with 2% formaldehyde in phosphate-buffered saline for 10 min at room temperature followed by a 30-s exposure to methanol. After rinsing with 10% fetal bovine serum and 0.02% azide in phosphatebuffered saline, cells were incubated with primary and secondary antibodies as described previously (74) . Transferrin uptake was performed as described previously (74) except that uptake was for 10 min and cells were briefly rinsed with 0.5 M NaCl-0.5% acetic acid and washed with media immediately before fixing.
Fluorescein-and rhodamine-conjugated donkey anti-mouse and anti-rabbit antibodies were from Jackson ImmunoResearch Laboratories (West Grove, Pa.). The hybridoma M3A5, used for preparing the antibody to ␤-COP, was a gift from Thomas Kreis. A rabbit polyclonal antiserum raised against human transferrin was from Boehringer Mannheim, and human transferrin was from Sigma Chemicals.
RESULTS
Cloning of murine homologs of a 130-kDa Arf GAP-associated protein. A PIP 2 -dependent Arf GAP was purified 4,000-fold from a soluble fraction of bovine brain (Table 1 , see Materials and Methods). The PIP 2 -dependent GAP was the major GAP activity in the brain homogenate. Over 90% of the recovered GAP activity was PIP 2 dependent and eluted as a single peak from each column. Fractions from the last two chromatographic steps, gel filtration (results not shown) and ion exchange (Fig. 1) , were electrophoresed in SDS through a 7.5% polyacrylamide gel, and the proteins were visualized. A 130-kDa polypeptide coeluted with the activity.
The 130-kDa protein was excised from the polyacrylamide gel and trypsinized, and the peptide sequences of several of the tryptic fragments were determined to be TLLK, EEALT MAFR, LGTSELLLAK, and VGNSF??IMEAN. The latter two peptides were found encoded within a mouse EST clone (W89336). Anchored PCR was used to determine a 5Ј sequence that was not in the EST clone. The remainder of the open reading frame was cloned as described earlier (see Materials and Methods). All but the extreme N terminus was also cloned from a mouse spermatocyte lambda library by using a two-hybrid probe (see below) and found to match the cDNA derived by rapid amplification of cDNA ends. Two variants that differed by a 57-amino-acid insertion were identified in several libraries. We call these two proteins ASAP1a (127,396 Da) and ASAP1b (121,649 Da) for Arf GAP containing SH3, ANK repeat, and PH domains.
Sequence and expression of ASAP1. The ASAP1a cDNA encodes a 1,147-amino-acid polypeptide. ASAP1a and ASAP1b both contain a PH domain (residues 339 to 431), a zinc finger motif of the type CXXCX 16 CXXC (residues 469 to 492), three ANK repeats (residues 615 to 715), a proline-rich region containing several SH3 ligand motifs (residues 798 to 913), eight consecutive repeats of E/DLPPKP (residues 946 to 1011), and an SH3 domain (residues 1085 to 1147) ( Fig. 2A) . The variants differ only in the proline-rich region. ASAP1a contains 57 residues (817 to 873) that are absent in ASAP1b.
The zinc finger motif is contained within a larger conserved region of about 90 amino acids (residues 457 to 527) that is similar to sequences found in ArfGAP1 and GCS1, the phosphatidylinositol 3,4,5-triphosphate (PIP 3 ) binding proteins PIP3bp and centaurin-␣, and a number of other proteins from mammals, plants, and lower eukaryotes (Fig. 2B) (19, 35, 72, 89) . In ArfGAP1 and GCS1, the zinc finger is essential for GAP activity (19, 72) . Zinc finger domains showing the strongest similarity to ASAP1 include those of several proteins that, like ASAP1, have PH domains located just N-terminal to the zinc finger, including the human proteins KIAA0400 (86% similar, 75% identical), KIAA0041 (67% similar, 48% identical), KIAA050 (63% similar, 43% identical), and KIAA0167 (60% similar, 44% identical) (Fig. 2B) . The region between the PH and zinc finger domains is also conserved in these proteins, and they possess adjacent C-terminal ANK repeats. The PHZn-finger-ANK (PZA) combination is also found in plants, worms, and flies and therefore appears to define an evolutionarily conserved module.
The PH domain of ASAP1 is most similar to the PH domains of several PZA proteins, to Dictyostelium rac-␣ (Akt/ PKB) serine-threonine kinase homolog, and to oxysterol binding protein (Fig. 2C) . The latter PH domain has been shown to bind PIP 2 and PIP 3 with equal affinity in vitro (75) . The protein whose zinc finger and PH domains are most closely related to ASAP1 is the PZA protein KIAA0400. This human protein is a true ASAP family member; it shows strong similarity to ASAP1 over three regions encompassing approximately 74% of the proteins (Fig. 2D) . The N-terminal 728 amino acids are 69% identical to residues 21 to 759 of ASAP1; a 14-amino-acid proline-rich SH3 ligand motif (P1) is also strongly conserved (79% identity), and the C terminus containing the SH3 domain shows 75% identity between the two proteins. The next most closely related SH3 domain to ASAP1 is Acanthamoeba myosin I (48% identity). Conservation of the N-terminal 330 residues of ASAP1 and KIAA0400 suggests that this region, which lacks identifiable sequence motifs, is also functionally important.
Northern analysis revealed three mRNAs in mouse tissues (Fig. 2E) . mRNAs of 7.5 and 5 kb were expressed in all tissues examined but were most abundant in testis, brain, lung, and spleen. Testis also contained an mRNA of 4 kb that hybridized with the probe. An antibody raised in rabbits to residues 697 to 850 of mouse ASAP1a reacted with 130-kDa proteins in homogenates of these tissues (not shown). The relative abundance of the 130-kDa species correlated with the mRNA levels. Several cross-reacting proteins were also detected. It remains to be determined whether these proteins are related to ASAP1.
ASAP1 contains GAP activity. Transient transfection of mammalian cells with either the cDNA for ASAP1a or ASAP1b resulted in expression of proteins that comigrated with the 130-kDa bovine protein that copurified with Arf GAP activity. Anti-ASAP1a antiserum was used to detect recombinant ASAP1b and purified bovine Arf GAP (Fig. 3) . The antibody bound to 125-and 130-kDa proteins present in the purified bovine Arf GAP and in homogenates of bovine and mouse brain (lanes 1 to 5). As little as 2 ng of the purified bovine protein was detected by using the antibody (lane 1). The larger immunoreactive protein comigrated with FLAGtagged ASAP1a (not shown) and FLAG-tagged ASAP1b expressed in COS7 cells and detected with either the rabbit polyclonal antibody (lane 6) or with a monoclonal antibody to the epitope tag (lane 8). On longer exposures, the 130-kDa protein was also detected in untransfected COS7 extracts (not shown). Our results cannot distinguish whether both ASAP1a and ASAP1b proteins are expressed in brain and present in the purified preparation of Arf GAP.
ASAP1 expressed in two contexts was tested as an Arf GAP. First, the Arf1 GAP activity in homogenates prepared from cells transiently transfected with cDNA for Myc-tagged ASAP1b was compared to that in homogenates from nontransfected cells (Fig. 4A) . The activity was 100-fold greater in the transfected cells than in the controls. Second, a recombinant protein consisting of the ASAP1 PZA region was expressed in E. coli (see Materials and Methods). The fragment PZA induced GTP hydrolysis on Arf1 with a first-order rate that was proportional to the concentration of PZA (Fig. 4B) .
The phospholipid dependence of the recombinant proteins was similar to that of the native protein. As with the partially purified protein (77, 79) , 180 M PIP 2 increased the activity of purified bovine ASAP1, ASAP1b expressed in 293 cells, and the bacterially expressed fragment PZA (Fig. 4C ). PA at a fourfold-greater concentration than PIP 2 enhanced activity but to a lesser extent than did PIP 2 . No activity was detected with 720 M phosphatidylinositol (PI), phosphatidylserine, or phosphatidylcholine. As has been previously reported for Arf GAP from bovine brain (79) and rat liver (77), the effect of PIP 2 was saturable (Fig. 4D) , and the concentration of PIP 2 FIG. 1. Polypeptides coeluting with GAP activity on anion exchange. Activity eluting from the Sephacryl S-300 column was adsorbed to a Resource Q column and eluted as described in Materials and Methods. Samples from the indicated fractions were electrophoresed in SDS on a 7.5% polyacrylamide gel, and proteins were visualized with a colloidal blue stain.
required for activation was reduced in the presence of PA, from 74 to 10 M. A protein containing the zinc finger and ANK domains but not the PH domain had negligible Arf GAP activity (data not shown), implying that the PH domain is critical for activity.
The Arf specificities of the native and recombinant proteins were also similar. Four Arf family members were examined as substrates (Fig. 4E) . As had been found with a partially purified GAP2 from rat liver (77), the purified bovine protein, epitope-tagged ASAP1b, and bacterially expressed PZA induced GTP hydrolysis by a class I Arf (Arf1) and a class II Arf (Arf5), weakly induced a class III Arf (Arf6), and was inactive (Fig. 4E) . The Arf specificity was further examined by titrating recombinant PZA into the reaction (Fig. 4F ). Arf1 and Arf5 GAP activity had similar concentration dependencies with 50% of the GTP bound on Arf hydrolyzed in 4 min in the presence of 0.55 Ϯ 0.05 and 0.36 Ϯ 0.08 nM PZA. Hydrolysis of GTP by Arf6 was detected with ϳ200-fold more PZA than for Arf1. No activity using Arl2 as a substrate was seen at the highest concentration of recombinant PZA tested, 1.4 M. ASAP1 associates with the Src SH3 domain. To identify possible targets or regulators of Src, a mouse embryo cDNA library (38, 94) was screened by using the yeast two-hybrid system and the c-Src SH3 domain as bait. Partial cDNAs for four known Src substrates, Sam68, p130 CAS , AFAP110, and Efs/Sin (1, 30, 33, 42, 86, 90) , were identified, together with a number of novel SH3-interacting proteins, including ASAP1. Four overlapping cDNA clones that contained sequences corresponding to amino acids 697 to 850 of the ASAP1a cDNA variant were isolated. As noted above, we have termed this region the Src-interacting domain (SID; Fig. 2A ). Full-length c-Src also bound to the ASAP1 SID in the two-hybrid assay ( Table 2 ). The ASAP1a SID also bound to a kinase-inactive mutant of Src but not to either a Src SH3 deletion mutant or to n-Src, which contains a six-residue insertion into the SH3 domain (59) . Thus, in the yeast system, the SH3 domain of Src is necessary and sufficient for association, and tyrosine phosphorylation is not required for interaction. The insertion in the n-Src SH3 domain blocks interaction.
In vitro binding of ASAP1 to SH3 domains. To determine the specificity of ASAP1 for the Src SH3 domain, 13 SH3 domains were expressed as GST fusion proteins in E. coli and tested for in vitro binding to the ASAP1a SID (Fig. 5A) or full-length ASAP1b (Fig. 5B) . The ASAP1 SID interacted most strongly with SH3 domains of the Src family members Src, Fyn, and Lyn. The SID also bound weakly to the SH3 domain of the p85 regulatory subunit of PI 3-kinase and to a fusion of GST to full-length c-Crk (containing two SH3 domains). No binding was detected to the SH3 domains of n-Src, Csk, p120 RasGAP, Grb2, Abl, or Efs/Sin.
To confirm these interactions and check for binding to regions outside the ASAP1a SID, the SH3 domains were tested for binding to full-length ASAP1b (Fig. 5B) . Due to alternative splicing, ASAP1b lacks the 34 most-C-terminal amino acids of the ASAP1a SID. However, full-length ASAP1b also bound to the Src, Fyn, and Lyn SH3 domains. Indeed, full-length ASAP1b was bound approximately 10-fold more efficiently, with 35 to 45% of [ 35 S]methionine-labeled ASAP1b bound. This suggests that regions outside the residues 697 to 816 of ASAP1 contribute to binding to Src family SH3 domains. Similar to Src, Crk bound the full-length ASAP1b more efficiently than the isolated SID.
ASAP1 binds to Src and becomes tyrosine phosphorylated in mammalian cells. Wild-type or mutant Src and Myc-tagged ASAP1b were expressed in 293 cells. Lysates were immunoprecipitated with either anti-Src rabbit antiserum or pre-immune rabbit serum. ASAP1 coprecipitation was detected by Western blotting with 9E10 anti-Myc tag monoclonal antibody (Fig. 6A ). ASAP1 coprecipitated with an activated Src variant containing a phenylalanine substitution at tyrosine 527 (SrcF527; lane 4). Weaker association was also detected with wild-type Src (lane 3) but not in the absence of Src (lane 2). Similar results could be obtained by using another Src antibody or when ASAP1b was detected with anti-ASAP1 antiserum in the Western blots (data not shown). Increased binding to activated mutant Src is consistent with binding to the Src SH3 domain, since the Src SH3 domain is more available for intermolecular interactions in the activated mutant (12) .
Proteins that associate with the regulatory domains of Src family kinases frequently serve as their substrates (12) . To test whether ASAP1 is a Src substrate, tyrosine phosphorylation of transfected Myc-ASAP1b was assayed in 293 cells that were also transfected with Src. ASAP1 was immunoprecipitated from cell lysates with anti-Myc tag 9E10, and phosphotyrosine was detected by Western blotting. ASAP1b contained phosphotyrosine when coexpressed with active SrcF527 but not when coexpressed with Src (Fig. 6B, lanes 2 and 3) . Tyrosinephosphorylated ASAP1b was also detected among proteins from SrcF527-expressing 293 cells even without immunoprecipitation and was one of the major phosphotyrosine-containing proteins (data not shown). The appearance of tyrosinephosphorylated ASAP1b in response to active Src suggests that ASAP1 is a substrate for either Src or for another tyrosine kinase that is activated by Src. To further test ASAP1 as a direct substrate for Src, native ASAP1 (Fig. 6C) or PZA (not shown) was incubated with radioactive ATP and purified Src in vitro. Both forms of ASAP1 were phosphorylated by Src, suggesting that the tyrosine phosphorylation of ASAP1 in cells expressing activated Src is direct.
Identification of proline-containing ASAP1 sequences required for binding Src and Crk. ASAP1a contains several proline-rich sequences that match the minimal SH3 domain binding motif consensus PXXP, including the three sites labeled in Fig. 2A as P1, P2 , and P3. P1 ( 805 PPLPPRNAGKG) closely resembles the consensus site for binding Src SH3 in the class II orientation, PPLPPRNR/KXR⌿ (where ⌿ is a hydrophobic residue, X is any residue, and underlining indicates essential proline and basic residues) (83) . P3 ( 907 RVLPKLPQK) is similar to both the optimal class I Src SH3 binding site RXLPPLP (97) and the consensus for binding the N-terminal SH3 domain of Crk in the class II orientation, PXLPXK (49, 50) . The P2 ( 839 KKRPPPPPPGHKR) sequence contains six sequential prolines in the context of both N-and C-terminal basic residues but is not a close match to the optimal binding site for any SH3 domains that have been tested. P1 and P2 lie within the SID of ASAP1a, but P2 is spliced out of the mRNA for ASAP1b. P3 lies C-terminal to the SID.
To determine which proline-rich sequences in ASAP1 were involved in Src binding, we made mutations in the P1, P2, and P3 regions of ASAP1. The resulting mutants were tested for binding to full-length Crk and the Src SH3 domain in vitro (Fig. 7) . In the context of full-length ASAP1b, which lacks P2, an R811A mutation in P1 (P1*) significantly decreased binding to the Src SH3 and to Crk in vitro, as did a P910A, P913A double mutation in P3 (P3*) (Fig. 7A and B) . A P1*P3* double mutant completely abolished binding of ASAP1b to the Src SH3 and to Crk (Fig. 7B) . Src binding to either P1* or P3* was decreased approximately threefold, whereas Crk binding was decreased 13-fold (Fig. 7C) . The greater decrease in Crk binding after mutation of either P1 or P3 suggests that these proline-rich regions may cooperate to bind Crk, possibly one engaging the first Crk SH3 domain and the other engaging the second Crk SH3 domain. In the ASAP1a SID context, the P1* mutation also eliminated binding to Src SH3 and Crk, whereas a P2 P842A, P843A, P844A triple mutant bound Src family SH3 domains as well as wild-type SID (data not shown). This suggests that the P2 region, which is found only in ASAP1a, is not involved in Src binding.
The binding and phosphorylation of the P1* and P3* ASAP1b mutants were also assayed in ASAP1 and SrcF527-cotransfected 293 cells (Fig. 8) . Binding of ASAP1 to SrcF527 was completely eliminated by the P1* mutation (Fig. 8A, lane  3) , while binding of the P3* mutant was reduced but still detectable (Fig. 8A, lane 4) . The P1*P3* double mutant did not bind to SrcF527 in vivo (Fig. 8A, lane 5) . ASAP1b tyrosine phosphorylation was completely inhibited by the P1* mutation (Fig. 8B, lane 3) and reduced by the P3* mutation (lane 4). In contrast to the approximately equal binding of the P1* and P3* mutants to Src in vitro, the P1 sequence may play a greater role in binding to Src in vivo. The low level of tyrosine phosphorylation of the P3* mutant may allow binding to Src via the Src SH2 domain, contributing to the greater binding of this mutant than the P1* mutant to full-length SrcF527 in vivo. The P1*P3* double mutant was not tyrosine phosphorylated. The extent of phosphotyrosine incorporation by ASAP1 mutants parallels their ability to associate with Src in cells. The tyrosine phosphorylation of ASAP1, therefore, is dependent on its ability to associate with Src via the Src SH3 domain.
Subcellular localization of ASAP1. Epitope-tagged ASAP1b expressed in COS7, HeLa, and NIH 3T3 cells and epitopetagged ASAP1a expressed in HeLa cells were localized by immunofluorescence by using either anti-ASAP1 or antiepitope tag antibodies. The distribution was similar for both proteins and in all three cell types. HeLa cells expressing tagged ASAP1b are shown in Fig. 9 . ASAP1 was detected in the cytoplasm in a perinuclear, reticulate network and at the cell edge, likely associated with the plasma membrane. ASAP1 neither colocalized with nor affected the distribution of a marker of the Golgi or ␤-COP or that of an endosome marker, transferrin (Fig. 9) . Preliminary cell fractionation studies suggest that Ͼ95% of ASAP1 is not associated with membranes, since it is mostly in a high-speed supernatant of cells lysed in the absence of detergent (not shown). Purification of ASAP1 from a high-speed supernatant of brain also indicates a lack of membrane association. Thus, most overexpressed ASAP1 is cytosolic with a subpopulation associated with membranes.
FIG.
3. An antibody raised to mouse ASAP1 recognizes Arf GAP purified from bovine brain. The indicated quantity of purified bovine brain Arf GAP (lanes 1 to 3), a bovine brain homogenate (30 g of protein), a mouse brain homogenate (25 g of protein), and lysates (0.75 g of protein) from COS7 cells transfected with a FLAG-tagged ASAP1b expression vector (trans) and COS7 cells that had not been transfected (cont) were fractionated by SDS-PAGE and transferred to nitrocellulose. The blots were probed with 3820J anti-ASAP1 antiserum (lanes 1 to 7) or a monoclonal antibody (M5) to the FLAG epitope (lanes 8 and 9).
DISCUSSION
ASAP1 was purified and cloned on the basis of being an Arf GAP that was PIP 2 dependent and, therefore, a potential link between the phosphoinositide signalling pathway and membrane traffic. ASAP1 was independently identified by screening for proteins that interact with another signalling molecule, the cytoplasmic tryosine kinase Src that is involved in the regulation of cell growth and cytoskeletal organization. ASAP1 con- VOL. 18, 1998 Arf GAP BINDING TO Src 7045 tains a GCS1-type zinc finger, the only region of homology with ArfGAP1. In addition, ASAP1 contains a type II SH3 binding site that mediates interaction with Src and a number of other conserved domains that frequently occur in components of established signal transduction pathways. These include a PH domain, an SH3 domain, ANK repeats, and several prolinerich SH3-binding motifs (9, 53, 70) . Based on our data, it is possible that ASAP1 activity or localization is regulated by Src. Furthermore, through interaction with Src as well as phosphoinositides, ASAP1 could coordinate membrane traffic with other cellular responses mediated by these signalling molecules. Many studies have demonstrated Src's involvement in regulating cytoskeletal architecture and cell adhesion. Evidence for a role for Src in regulating membrane traffic is accumulating as well. Src has been localized to several membrane compartments in the secretory and endocytic pathways, including endocytic, exocytic, and synaptic vesicles (5, 20, 34, 46, 54, 69, 81) . The activities of Src and its close relative Fyn are modulated during secretagogue-stimulated exocytosis of chromaffin cells (2, 64) , and tyrosine kinase activity is required for exocytosis (18) . Src stimulates epidermal growth factor receptor internalization (95) . Src associates with or phosphorylates various proteins implicated in vesicle transport, including synapsin I, dynamin, synaptophysin, synaptogyrin, and cellugyrin (5, 31, 43, 65) . Like ASAP1, synapsin I and dynamin bind Src through the Src SH3 domain, but neither protein is phosphorylated on tyrosine (31, 65) . The clathrin adapter protein ␣-adaptin is also found in Src-dynamin complexes (31) . Synaptophysin, synaptogyrin, and cellugyrin all appear to be Src substrates (5, 43) . Src may also influence membrane traffic by interacting with or activating enzymes involved in phospholipid metabolism such as phosphatidylinositol 3-kinase and phospholipase D (12, 44 In addition to interacting with Src in vivo and in vitro, ASAP1 also interacted in vitro with Crk, an adapter protein consisting of one SH2 and two SH3 domains (82) . Mutated or activated forms of Src and Crk cause changes in cytoskeletal architecture that can result in cellular transformation. In addition, Src and Crk associate with some of the same partners, 
a Two-hybrid assays for protein-protein interactions were carried out by transformation of LexA and VP16 plasmids into the L40 yeast strain, which carries a lacZ reporter gene. ␤-Galactosidase filter assays on dual transformants were scored ϩ (strong interaction) or Ϫ (no interaction). The LexA fusions tested include the following: lamin (negative control); c-Src-SH3 (wild-type c-Src SH3 domain); c-Src (wild-type full-length c-Src); c-Src⌬SH3 (c-Src with SH3 domain deletion); c-SrcKD (kinase dead c-Src K295R mutant); n-Src (full-length neuronal Src); n-Src-SH3 (SH3 domain of neuronal Src). VP16-ASAP1-SID contains amino acids 697 to 850 from ASAP1a.
including proteins of cell adhesion signalling pathways such as the focal adhesion proteins p130 CAS and paxillin (reviewed in reference 36). Since at least two proline-rich sites in ASAP1 contributed to binding Crk and Src SH3 domains, it is possible that both proteins could bind ASAP1 simultaneously or compete for the same sites. The role that Src and Crk interactions with ASAP1 play in ASAP1 localization and activity is currently being investigated.
Arfs are known to function at a number of intracellular sites, including the plasma membrane (25, 26, 28, 66, 71, 73, 74) . Because the first mammalian Arf GAP cloned, ArfGAP1, is confined to the Golgi apparatus (4, 19) , the regulation of Arfs at other sites would require unique GAPs. Consistent with this, several distinct Arf GAP activities have been purified (19, 21, 57, 77) . Of these, ASAP1 is the second mammalian GAP to be cloned and shown to be a gene product distinct from Arf-GAP1. ArfGAP1 and ASAP1 are divergent proteins with homology limited to 38% identity over the 86 amino acids that include the Arf GAP domain-GCS-like zinc finger domain (Fig. 2B ). Despite these structural differences, the proteins have similar Arf specificities (77); therefore, rather than being GAPs for different Arfs, the structural divergence likely provides differential localization and regulation. The different lipid requirements of the native proteins, as previously reported (77) , are consistent with independent regulation, and the immunofluorescence reported here supports the idea of differential localization. In contrast to ArfGAP1, ASAP1 did not colocalize with markers of the Golgi apparatus, and overexpression of ASAP1 had no detectable effect on Golgi morphology (Fig. 9) . Instead, ASAP1 was found mostly in the cytosol, with a smaller population at the plasma membrane (Fig. 9 ). This localization pattern is consistent with ASAP1 being both a target for Src and regulated by phosphoinositides. ASAP1 could also be an effector for Arf. Because ASAP1 must bind to Arf-GTP, it could transmit a signal from Arf-GTP.
Based on the specificity of ASAP1 in vitro, ASAP1 is expected to use class I and class II Arfs as substrates. The localizations of Arf1, a class I Arf, and Arf6, a class III Arf, have been determined (13, 22, 71, 73) . Arf1 is considered to be Golgi associated, whereas Arf6 is at the plasma membrane; however, a number of studies support a role outside of the Golgi for class I and class II Arfs, including Arf1. In vitro studies have shown that class I Arfs affect diverse processes including intra-Golgi transport, endoplasmic reticulum-toGolgi transport, endosome-to-endosome fusion, and synapticvesicle maturation (23, 28, 61) . In cell fractionation studies, all of the class I and II Arfs have been found associated with endocytic vesicles (96) . In vivo, class I and class II Arfs have been implicated in a number of specialized endocytic events, including synaptic vesicle maturation (6, 28, 41, 66) . We are now testing the endocytic compartment as a possible target site of ASAP1 action. We are also attempting to identify the Arf family member(s) that is the in vivo substrate for ASAP1, which could be restricted by subcellular localization, specific cofactors, or conditions not reproduced in our in vitro assay.
The PH domain of ASAP1 likely contributes to the phosphoinositide-dependent regulation of Arf. Regulation of a number of proteins by phosphoinositide binding to their PH domains has been demonstrated (53) . PIP 2 stimulates the activity of ASAP1 and of a recombinant fragment of ASAP1 containing the PH, zinc finger, and ANK repeat domains (PZA). Our preliminary studies suggest that PIP 2 binds to the PZA fragment but not to a protein containing only the zinc finger and ankyrin repeats (45) , and this latter protein has no detectable activity. Therefore, the PH domain of ASAP1 may allow phosphoinositide-dependent activation of the Arf GAP domain. However, PIP 2 binding to the substrate, Arf, is also important for the GAP reaction (76) . Thus, phosphoinositide likely binds to both the enzyme (PZA) and the substrate (Arf), similar to the dual role of phosphoinositides in regulating the phosphorylation of protein kinase B (88) .
In the cell, phosphoinositides have complex effects on Arf. Arf has been found to activate both PIP-kinase (29, 58) and phospholipase D (10, 16) ; therefore, the comodulation of GAP activity by PA and PIP 2 could be involved in a system of feedforward and feedback loops that control the time that Arf spends in the GTP state (56, 76, 77) . In addition, phosphoinositides contribute to Arf activation. Three Arf exchange factors, ARNO, GRP-1, and cytohesin, contain PH domains and function at the plasma membrane (14, 32, 47, 48, 60) . ARNO has a PIP 2 -dependent exchange activity on myristoylated Arf but is able to act on nonmyristoylated Arf independently of PIP 2 , suggesting a role for the PH domain and PIP 2 in recruiting the enzyme (ARNO) and substrate (Arf) into the same complex (67) . The PH domains of these molecules actually appear to favor binding to PIP 3 over PIP 2 (47, 48, 93) . In contrast, PIP 3 had no effect on ASAP1 activity in preliminary studies (45) , raising the possibility that regulating PIP 2 and PIP 3 levels could order the inactivation and activation of Arf. Consistent with this idea, insulin-induced PI 3-kinase stimulation causes a PH domain-dependent translocation of ARNO to the plasma membrane (93) . The PH domain of cytohesin, an exchange factor that binds ␤2 integrin, is also required for membrane recruitment and is essential for PI 3-kinase activation of ␤2 integrin adhesion (51, 62) . In addition to its conserved domains, ASAP1 has an unusual sequence feature, a series of repeats of E/DLPPKP, many of which are separated by the tripeptide QLG. The sequence is repeated eight times, with an additional five degenerate repeats. A database search did not identify other occurrences of tandem repeats of this sequence. Although the repeat region has high proline content and contains seven PXXP sequences, it did not bind any of 10 different SH3 domains tested (11) . One possible role of this domain is to mediate homodimerization of ASAP1 that we have detected in vitro and in vivo (45) .
ASAP1 has a number of relatives, the closest being the human KIAA0400 protein. The strong sequence similarity and conservation of domain order between mouse ASAP1 and human KIAA0400 suggest they could be species homologs; however, we have three reasons in particular why we think they are different family members. First, using primers complementary to ASAP1 mouse sequence, partial cDNAs were amplified from human and bovine cDNA library by PCR. The predicted amino acid sequences of the human and bovine clones were 99 and 94% identical to ASAP1, respectively (78) . The same region from KIAA0400 is 67% identical to human ASAP1. Second, KIAA0400 lacks the E/DLPPKP repeat region contained in ASAP1. Third, ASAP1 and KIAA0400 sequences diverge in the proline-rich region except for the class II Src SH3 binding sequence. Thus, ASAP1 and KIAA0400 define a new protein family. Both may bind Src, but they could be differentially localized or regulated by interaction with other SH3-containing proteins. There are three additional proteins in GenBank with 40% or greater overall identity to ASAP1 (Fig. 2B) . These proteins, ASAP1, and KIAA0400 all contain a conserved region consisting of, in order from the amino terminus, consec- 
